Abstract. During the Indian Ocean Experiment (INDOEX), cloud droplets were collected and evaporated using a counterflow virtual impactor (CVI). The nonvolatile residual particles were then analyzed by various instruments. Physical and chemical properties of the cloud droplets and their residual nuclei were compared with properties of the below-cloud aerosol to evaluate which aerosol particles act as cloud nuclei in different environments, and their effects on cloud microphysics. Four cases, ranging from clean Southern Hemispheric clouds to heavily polluted clouds near India, were analyzed. For the cleaner clouds, droplet concentrations were a much higher fraction of the available particle concentrations than for polluted clouds, but entrainment apparently acted to reduce droplet number concentrations in both regimes. For clean clouds the median critical supersaturation and size of the ambient particles and droplet residual particles were similar. In polluted clouds there were stronger differences between ambient and droplet residual distributions, and particles with lower critical supersaturations were favored as nuclei. Simple model calculations were used to show that polluted clouds are expected to achieve lower water supersaturations than clean clouds; thus only particles with relatively low critical supersaturations are likely to affect clouds in polluted regions. Soluble fractions for the ambient aerosol inferred from the size and cloud condensation nuclei measurements were in general agreement with another study in the region. Droplet residual particles did not necessarily have higher soluble fractions than the ambient aerosol, but did tend to have higher total amounts of soluble material per particle, particularly in the polluted cases.
Introduction
Of critical importance in predicting climate change are the indirect effects of aerosol particles on clouds. Anthropogenic particles can act as cloud condensation nuclei (CCN) and subsequently affect climate through changes in cloud albedo [Twomey, 1977a] and lifetime [Albrecht, 1989] . Our limited knowledge of these processes handicaps our ability to understand radiative forcing of anthropogenic aerosols, since the uncertainty due to aerosol effects on clouds is exceedingly large [Charlson et al., 1992] . Measurements The relationship between aerosol number and droplet number varies with location, since it can be affected by particle size and chemical composition, as well as dynamical forcing and entrainment. The relationship is generally thought to be non-linear due to the increased competition for available water among growing droplets in polluted regions. However, droplet concentrations in polluted air may be underestimated in some cases, due to instrumental detection limits [ 
Size and Critical Supersaturation of Particles Incorporated Into Droplets
Particles that have a critical supersaturation Sc lower than the supersaturation actually reached within a cloud form activated cloud droplets if given sufficient time for growth [Squires, 1952] . Those with higher Sc values will remain as smaller unactivated haze particles within the cloud. S• is determined by the size and composition of the particle and is related to the number of soluble ions within a particle; larger, more soluble particles will have lower &s than smaller, less soluble particles. Simple adiabatic models also predict that the largest droplets in a cloud will form on the largest soluble particles with the lowest &s. This relationship can be complicated in clouds in the atmosphere, which are not necessarily adiabatic.
Particles acting as CCN at various supersaturations can be measured by CCN counters or spectrometers that simulate cloud formation under controlled conditions. Comparisons of particle size and & can be used to infer information about chemical composition and solubility of ambient and in-cloud aerosol particles. 
Particle Chemical Types Acting As CCN

Analysis
One challenge in the analysis and interpretation of this data set was the relatively small scale of the INDOEX clouds: most clouds encountered were only 0.3 to 1 km wide and of similar depth. In order to get sufficient residual nuclei samples for chemical analysis, the data presented here have been averaged over many cloud passes. As a result, characteristics of cloud parcels with many different histories, including cloud edges, have been included in the results. This means that the data are far from representative of a simple, adiabatic cloud. In addition, sampling considerations limit the size of droplets that were effectively sampled by the CVI to those larger than about 7 gm in diameter. In very polluted clouds, the mean droplet diameter was sometimes 7 gm or smaller, so that a fraction of the droplets could not be sampled by the CVI. Clouds containing drizzle drops, which can produce artificial particles due to drop breakup within the inlet, have been excluded from this analysis. Despite these limitations, useful information was obtained using the analysis strategies outlined below.
For each analysis type, characteristics of the droplet nuclei were compared with corresponding characteristics of the below-cloud aerosol. Cases defined as clean or polluted were compared and contrasted.
Particle Size Distributions
Size distributions of the ambient aerosol and CVI residual nuclei were constructed using data from the LAS-Air optical particle counter (0.1 to 4.0 gm diameter) and TSI condensation nucleus counter (> 0.013 gm diameter). Since the CNC samples smaller particles as well as large ones, a nine-channel size distribution was constructed using the eight LAS-Air channels and the CN concentration minus the total LAS-Air concentration for the smallest size channel. To avoid excessive width in the lowest channel of the size distribution, it was assumed to begin at 0.03 microns diameter. This is consistent with the rarity of particles less than 0.03 gm and the typical lower limit of size distributions in the study area (A.D. Clarke, unpublished data, 2000).
Since the CVI tip is heated and droplets are impacted into dry nitrogen gas, the relative humidity of the size distributions presented here was generally less than 20% and the particles are considered to be "dry." Droplet concentrations are enhanced within the CVI, so a dilution system was employed to avoid coincidence (multiple particles in the sensing volume) in the LAS-Air. Data were initially corrected for both enhancement and subsequent dilution. The time resolution of the LAS-Air is 6 s, but several minutes were averaged for the data presented here in order to match the sampling periods required for electron microscopy. Since only a fraction of this time contained cloud passes, the CVI data were also divided by a "time in cloud" factor, TIC. TIC was calculated as the ratio of the number of seconds in cloud divided by the number of seconds in the entire sampling period. Clouds were defined as events of >0.3 km in length when the droplet concentration from the wing-mounted Forward Scattering Spectrometer Probe (FSSP) was greater than 10 cm -3. 
Particle Composition via SEM/TEM
Droplet residual nuclei were simultaneously collected for both SEM and TEM behind the CVI. Automated SEM analysis with energy-dispersive X-ray spectroscopy [Anderson et al., 1996] provides size-dependent single-particle composition for several particle types, including sea salt, sulfates, and soil dust. This technique also produces information on the mixing state of particles (i.e., whether different chemical species are present within single particles, or separate particles). More detailed structural information, especially about carbonaceous aerosols, can be obtained via TEM with energy-dispersive spectrometry [Posfai et al., 1995] . This type of analysis is critical in determining what particle types actually participate in cloud formation. For example, using the CVI and TEM, Twohy and Gandrud [1998] found that both mineral and metallic particles apparently can form ice crystals in aircraft contrails, although these particle types were previously considered to be relatively unimportant. Since this analysis is ongoing and will be detailed in a subsequent paper, initial SEM results are only briefly discussed here.
Case Studies
Four cases were chosen for detailed analysis, ranging from clean to very polluted environments. While clouds were sampled on several other days, these cases provided the most extensive data in nonprecipitating clouds and the most comprehensive array of measurements (chemical, microphysical, and radiative).
Pollution levels were defined following McFarquhar and Heymsfield [this issue] and are based on the ambient measurements of total condensation nuclei (CN). Number concentrations <500 cm -3 were considered clean and >1500 cm -3 polluted, recognizing that cases with CN between 300 cm -3 and 500 cm -3 may have actually had some anthropogenic in- Since nearly all droplets were larger than the CVI cut size (7.2 •tm diameter in this case), overall droplet collection efficiency was high at the minimum cut size. The second clean case (February 20, 1999, 6ø-7øS) was in a similar geographical location, but with slightly higher particle number concentrations. The third and fourth cases (March 21, 1999, 10ø-11 øN; February 27, 1999, 8ø-9øN) were both polluted, but the dynamical forcing was greater in the fourth case. This led to larger droplets and liquid water contents, so a greater fraction of droplets could be sampled by the CVI.
Results
Summary of Statistics for Four Cases
A summary of aerosol and cloud characteristics for the four cases is given in Table 1 In the third case, however, the droplets were so small that many were below the minimum cut size of about 7 gm diameter, but were still detected by the FSSP, with a minimum size of 2 gm. (Note the droplet diameters given in the table are median volume diameters, not mean diameters, which were much smaller.) Both critical supersaturation and particle size measurements were made over a range of values, so the median values for the ambient aerosol and droplet nuclei are given in the last two columns of Table 1 . Peak cloud supersaturations were likely much higher than the median Sc of the droplet nuclei given in the table. Minor differences between ambient and nuclei properties are apparent in the first clean case, with droplet nuclei having slightly lower &s than the ambient aerosol. Median sizes, however, are actually smaller for the droplet nuclei than for the ambient aerosol in both clean cases, in contrast with simple theory. This suggests that insoluble material that may have inhibited activation was present in certain particle sizes. This is supported by the size distributions given in the next section. By far the largest differences between ambient and nuclei properties, however, occur in the polluted clouds. For these cases, droplet nuclei tend to be much larger and to have much lower critical supersaturations compared to the ambient aerosol. This is true even for the February 27 case, when most of the droplets, not just the upper "tail" of the distribution, were sampled by the CVI. Reasons for this are discussed subsequently. 
Model Calculations
The above results suggest several important differences in clean and polluted clouds, some of which have been studied using simple model calculations. Three cases were simulated in order to highlight potential differences in particle activation in clean and polluted clouds. Table 2 shows the primary differences in results for the three cases. In all cases, the in-cloud supersaturation peaks just above cloud base, but subsequently decreases as water vapor is depleted by rapidly growing droplets. The peak supersaturation reaches 0.33% in the Clean case, but only 0,17% in the Polluted A case and 0.20% in the Polluted B case, since water condenses on a greater number of particles. The Sc of certain particles is exceeded only briefly, and they do not necessarily grow into droplets due to kinetic limitations.
However, at the end of the simulations, a clear separation occurs between larger droplets and smaller particles, and a particle was considered to be "activated" if it was contained in the larger mode at the end of the simulation.
Because of the difference in peak supersaturation, much smaller particles activate in the Clean case than in the Polluted cases (down to 0.068 gm for Clean versus 0.123 or 0.131 gm for Polluted). The percent of particles activated is 84% in the clean case, and only 48% and 43% in the Polluted A and B cases, respectively. This effect has been discussed by Twomey [1977a] and others. Also note that the S• of the minimum particle size activated is significantly less than the peak cloud supersaturation in all three cases, due to kinetic limitations on growth.
The median critical supersaturation and diameter of ambient and activated ("cloud") particles is also given in Table 2 As discussed earlier, this may represent the influence of some other, less soluble particle type in the ambient aerosol that is less likely to activate. For the polluted cases, large differences in both the median particle size and Sc occur between the ambient and activated particles. These differences agree qualitatively with the measurements for polluted clouds having different initial particle size distributions (Table 1) . To summarize, higher particle number concentrations in polluted air have a strong influence on the fraction of particles that activate and whether small, high Sc particles will be incorporated into clouds. Insoluble material that may be contained in polluted particles seems to have a secondary and complementary effect, further reducing the percentage of particles that activate and the distinction between ambient and activated particle size.
Sc Versus Size
In Figure 4 , median diameters for both ambient and CVI measurements using the LAS-Air particle counter are compared with median critical supersaturations from the CCN spectrometer. For reference, Sc values expected for NaC1 (molecular weight 58.5) and ( The size and Sc values are clearly anticorrelated, and the slope of the data is similar to that expected for simple soluble salts. As was apparent in Table 1 Table 1 , with the addition of particle soluble mass fraction inferred from the median Sc and dry particle diameter. Soluble fractions were calculated as discussed in the text, and soluble volume amounts (per particle) were calculated from soluble mass fractions and median diameters, assuming the same density for soluble and insoluble material. Solubility ratios are the soluble volume amounts (per particle) for the CVI residual nuclei divided by the soluble volume amounts for the ambient aerosol.
ticles (based on ammonium sulfate or bisulfate). Some less hygroscopic particles were found, however, even in relatively clean air masses south of the ITCZ. Canttell et al. [2000] suggest that interhemispheric transport, with selective removal of soluble material by convective clouds in the ITCZ, may impose an insoluble aerosol component into the Southern Hemisphere air.
Inferred particle solubilities are given in Table 3, The last column in Table 3 shows the ratio of soluble volume per particle in the CVI versus ambient particles. For the clean cases, ratios are near one, while for the polluted cases, they greatly exceed one. This supports the differences observed in Sc and indicates that in the clean cases, most particles form droplets. In the polluted cases, however, only a subset of particles, those with more total soluble material, form droplets. This is primarily due to the higher number concentrations in polluted regions which reduce the peak cloud supersaturation, as described in the modeling section. Very high solubility ratios of CVI to ambient as shown in the last case could also occur due to aqueous-phase sulfate production, which is more likely to occur in polluted air masses.
Electron Microscopy
Electron microscope analysis is not yet complete, and is only briefly discussed here. Early results show a high percentage of submicron sea salt in the cloud samples relative to the ambient aerosol. Satheesh et al. [1998] As mentioned earlier, clean samples show significant particle aggregation, perhaps due to droplet coalescence. Also, some unidentified particle types, apparently carbonaceous, were observed even in the "clean" ambient samples. This is
